Purpose In preclinical models, non-cytotoxic suramin (concentrations <50 M) potentiates the activity of multiple chemotherapeutic agents. The present study evaluated the safety and tolerability of suramin in combination with docetaxel or gemcitabine in previously chemotherapy-treated patients with advanced non-small cell lung cancer.
gram. The observed preliminary evidence of antitumor

Introduction
Lung cancer is the leading cause of cancer-related mortality in the United States, with an estimated 219,000 new cases and roughly 159,000 deaths in 2009 [1] . The majority of patients diagnosed with non-small cell lung cancer (NSCLC) have an advanced stage of disease and poor longterm survival [2] . Standard platinum-based combinations used in the Wrst-line setting yield a median survival of only 8 to 12 months [3] [4] [5] [6] .
Gemcitabine is a nucleoside analog that is phosphorylated intracellularly to its active diphosphate and triphosphate forms. Gemcitabine diphosphate and gemcitabine triphosphate, respectively, inhibit ribonucleotide reductase and DNA polymerase, interfering with DNA synthesis and function. Incorporation of gemcitabine into RNA also results in alterations in RNA processing and translation. Gemcitabine is approved in combination with cisplatin for Wrst-line therapy in locally advanced and metastatic NSCLC based on positive phase III trials [6] [7] [8] . Although not formally approved for second-or third-line treatment of metastatic NSCLC, gemcitabine has been studied in phase II trials with activity at doses of 1,000 mg/m 2 weekly for 3 weeks every 28 days or 1,250 mg/m 2 weekly for 2 weeks every 21 days [9, 10] .
Docetaxel is a taxane derivative that promotes the assembly of microtubules from tubulin dimers and inhibits the depolymerization of tubulin which stabilizes microtubules in the cell, leading to inhibition of DNA, RNA, and protein synthesis. Docetaxel is approved for use as a single agent in the second-line setting and in combination with cisplatin for Wrst-line metastatic NSCLC. In a phase III trial of docetaxel compared with vinorelbine or ifosfamide in the second-line setting, docetaxel yielded better response rate (RR) (6.7-10.8 vs. 0.8%), longer time to progression (TTP), and statistically signiWcant greater 1-year survival (32 vs. 19% ) [11] . In a separate study, docetaxel was superior to best supportive care for relapsed or refractory NSCLC [12, 13] . Since agents such as gemcitabine and docetaxel can provide modest activity for refractory or relapsed NSCLC, eVective therapeutic strategies which enhance their antitumor eVects may provide tangible clinical beneWt for such patients.
Suramin (8,8Ј-carbonyl-bis [imino-3,1-phenylenecarbonylimino (4-methyl-3,1-phenylene) carbonylimino] bis-1,3,5-naphthalene-trisulfonic acid) is a polysulfonated naphthylurea that has been used for more than 60 years in the treatment of certain African parasitic infections such as Rhodesian and Gambian trypanosomiasis [14] . Suramin inhibits the binding of several polypeptide growth factors (including platelet-derived growth factor, basic Wbroblast growth factor, epidermal growth factor, and insulin-like growth factor) to their respective receptors [15] [16] [17] . Suramin has concentration-dependent antiproliferative activity against a variety of human tumor cell lines [18, 19] . Suramin has been evaluated in numerous clinical trials as a cytotoxic agent in a variety of solid malignancies; however, its complex pharmacology and broad spectrum of toxicity have limited further investigation as an anticancer agent [20] [21] [22] [23] [24] . At cytotoxic concentrations above 275 M, sustained over several weeks, suramin has been associated with severe neurological toxicity, renal toxicity, adrenal insuYciency, immune-and anticoagulant-mediated blood dyscrasias, and dermatological toxicity including toxic epidermal necrolysis [25] [26] [27] [28] [29] . However, our group has shown that at much lower and non-cytotoxic concentrations of 10-20 M, suramin can augment the activity of other chemotherapeutic agents [30] . At these noncytotoxic concentrations, suramin was shown to enhance the antitumor activity of 5-Xuorouracil, doxorubicin, paclitaxel, docetaxel, and gemcitabine in tumor-bearing animals, including animals bearing human NSCLC A549 xenografts pretreated with chemotherapy [31] [32] [33] [34] . Our earlier studies showed that these suramin eVects are in part due to its inhibition of acidic and basic FGF [15] [16] [17] . However, additional FGF-independent mechanisms are likely. Other investigators have also shown that bFGF can induce chemoresistance in small cell lung cancer cells and that bFGF is frequently over-expressed in NSCLC tissues [35, 36] .
In previous phase I and II clinical trials at our institution, we have investigated the use of non-cytotoxic doses of suramin in combination with paclitaxel and carboplatin in chemotherapy-naïve and chemo-refractory patients [37, 38] . In these studies, suramin was dosed using a previously validated dosing nomogram which correctly predicted the target suramin concentration range of 10-50 M over 48 h in 93% of treatment cycles [39] . Given the overexpression of bFGF and FGF receptors in lung cancer, the potentiation of chemotherapeutic agents by non-cytotoxic doses of suramin in preclinical studies, and the moderate activity of the docetaxel and gemcitabine in platinum-refractory NSCLC, we conducted this phase I study to evaluate the safety and tolerability of non-cytotoxic suramin in combination with docetaxel or gemcitabine in patients with previously treated advanced NSCLC.
Patients and methods
Eligibility
Patients with histologically conWrmed advanced NSCLC (stage IIIB with malignant pleural eVusion or stage IV) who had progressed on a platinum-containing regimen were eligible for this study. Up to two prior chemotherapy regimens were allowed, with a washout period of 28 days. No prior docetaxel or gemcitabine was allowed. Prior suramin, epidermal growth factor receptor (EGFR)-targeted therapy, and radiation therapy were permitted. Additional eligibility criteria included age ¸18 years; Eastern Cooperative Oncology Group performance status of 0-2; a life expectancy ¸12 weeks; and adequate hematopoietic, hepatic, and renal function. Patients were excluded from participation if they had untreated brain metastases or leptomeningeal involvement; a history of myocardial infarction within the previous six months, congestive heart failure requiring therapy, or unstable angina; any known active serious infectious process or current treatment for human immunodeWciency virus type 1 infection; uncontrolled diabetes mellitus; grade ¸2 neuropathy; any history of hypersensitivity to suramin; or if they were pregnant or lactating. The treatment protocol was approved by the Cancer Therapy Evaluation Program at the National Cancer Institute and the Institutional Review Board at The Ohio State University. Written, informed consent was obtained from all patients prior to study entry, according to federal and institutional guidelines.
Study design
This was a phase I study with two parallel arms in which patients were randomized to receive suramin in combination with either docetaxel or gemcitabine (Fig. 1) . Six patients were to be treated in each cohort. In the event of dose-limiting toxicity (DLT) occurring in ¸2 of the 6 patients, the cohort would be expanded to treat an additional six patients at a 25% dose reduction. The starting dose for docetaxel was 75 mg/m 2 given intravenously over 1 h on day 1 of each 3-week cycle. The starting dose for gemcitabine was 1,250 mg/m 2 given intravenously over 30 min on days 1 and 8 of each 3-week cycle. Suramin was given on day 1 only in the docetaxel arm and on days 1 and 8 in the gemcitabine arm of each 3-week cycle. Suramin was administered as a 30-min infusion, given 2.5 h prior to the initiation of chemotherapy. The dose of suramin was determined using a validated and previously published dosing nomogram, which uses body surface area (BSA) and time elapsed since the previous dose, to calculate the dose that would achieve a target concentration range of 10 to 50 M from 8 to 48 h [39] . The dose of suramin in milligram was calculated as the product of FACTOR x (BSA) 2 , where FACTOR is equal to 125 for day 1 of the Wrst cycle and based on the nomogram for all subsequent doses, including the day 8 gemcitabine dose. Radiological evaluation was obtained at baseline and after every three cycles, at which point tumor assessments were performed using RECIST criteria to evaluate for objective response [40] . The study treatment schema is illustrated in Fig. 1 . After 3 cycles, patients with complete response (CR) or partial response (PR) continued on the same combination, whereas patients with stable disease (SD) or disease progression (PD) crossed-over to the other combination. In patients with SD or better, treatment beyond six cycles was entirely optional.
Histories, physical examinations, and routine laboratory studies were performed at baseline and prior to each cycle of therapy. In addition, complete blood cell counts were also performed weekly. Chest radiographs and electrocardiograms were performed prior to initiating treatment. Toxicities were graded according to the National Cancer Institute Common Toxicity Criteria version 2.0 [41].
Dose-limiting toxicity (DLT) was deWned as any of the following: (a) grade 4 neutropenia lasting more than 5 days or accompanied by grade ¸2 fever; (b) grade 4 thrombocytopenia; (c) grade 3 non-hematologic toxicity resulting in treatment interruption for more than 2 weeks; or (d) grade 4 non-hematologic toxicity. Patients who experienced DLT were allowed to be retreated, at a 25% dose reduction of docetaxel or gemcitabine, provided that they had recovery of all prior toxicity to grade ·1.
Pharmacokinetics and correlative studies
Blood samples (10 ml in green-top heparinized tubes) were obtained from a site contralateral to the drug infusion. Pretreatment plasma bFGF levels were determined for all treatments. The sampling times for the determination of plasma suramin levels included pretreatment (1 h before suramin administration), during and at the end of the 30-min suramin infusion, before the start (2.5 h) and at the end of gemcitabine (3 h) or docetaxel (3.5 h) infusion. For the Wrst treatment, samples were taken at pretreatment and at 10, 20, and 30 min and at 1, 1.5, 2, 2.5, 3, 3.5, 5.5, 24, 48, and 72 h after the initiation of suramin infusion. For the remaining treatments, samples were taken 1 h before treatment at the end of the 30-min suramin infusion (0.5 h), the start of the chemotherapy infusion (2.5 h), and at the end of the gemcitabine infusion (3 h) or docetaxel infusion (3.5 h) after initiation of suramin. Suramin concentrations were determined using a previously described high-performance liquid chromatography method [42] . BrieXy, a plasma sample was mixed with tetrabutylammonium bromide and extracted with acetonitrile. The organic layer was refrigerated, Wltered, and analyzed. The detection limit was 0.5 g/ml. Pharmacokinetic analysis was conducted using standard methods. The plasma levels of bFGF were determined using an Enzyme-Linked ImmunoSorbent Assay kit (Oncogene, Cambridge, MA) according to manufacturer instructions. The antibody was murine monoclonal antibFGF antibody conjugated to horseradish peroxidase. The lower detection limit of the assay was 2.5 pg/ml.
We evaluated whether the suramin concentrations were maintained at the target range of 10-50 M between 8 and 48 h. For logistic reasons, actual blood samples were obtained at 48 h only during the Wrst treatment cycle, and no samples were collected at 8 h. Hence, plasma concentrations at these time points were obtained using pharmacokinetic modeling and simulations, using a 3-compartment open model with multiple dosing. The Wtting was performed using WinNonlin (Pharsight Corporation, Mountain View, CA).
Results
General
Between July 2003 and January 2005, 18 patients were enrolled and received a total of 79 cycles of treatment on study (median number of cycles, 6.5; range, 1-11). Patient baseline characteristics are listed in Table 1 . All 18 patients received prior platinum therapy; 16 patients also received prior therapy with paclitaxel. Sixteen patients had had disease progression while on platinum therapy and 14 patients had had disease progression while on paclitaxel therapy. Eight of 18 patients received prior suramin therapy in a separate clinical trial. All 18 patients on this study were evaluated for toxicity. Sixteen patients completed two or more treatment cycles and were evaluable for response. Patients who were non-evaluable for response included one patient with a history of peptic ulcer disease and coronary artery disease who was hospitalized for gastrointestinal bleed and atrial Wbrillation during the Wrst cycle of suramin and docetaxel and another patient with a history of hypertension and chronic obstructive pulmonary disease who was hospitalized with arrhythmia (atrial Wbrillation vs. multifocal atrial tachycardia) following the Wrst administration of suramin and gemcitabine. Due to safety concerns, no additional study treatment was oVered to these patients.
Three of the Wrst six patients who received docetaxel at 75 mg/m 2 experienced DLT of febrile neutropenia. Therefore, six additional patients were treated at the 56 mg/m 2 dose (one dose level reduction) of docetaxel. The initial cohort of patients was also treated at this reduced dose of docetaxel for all subsequent cycles. At the dose of 56 mg/m 2 , febrile neutropenia was seen in only 1 of 30 cycles of docetaxel administered. This was seen in one of the patients who developed DLT at the 75 mg/m 2 dose. This patient had two prior lines of chemotherapy, including nine cycles of paclitaxel-containing treatments. There were no DLTs observed in the six patients initiated at the starting dose of gemcitabine or in the seven patients who received gemcitabine after crossing over from the docetaxel arm. In total, twelve patients were initiated with docetaxel; seven of these patients underwent the allowed crossover and also received gemcitabine. Six patients were initiated with gemcitabine; two of these patients crossed-over to receive docetaxel. Overall, fourteen patients received docetaxel at any time during the study for a total of 37 cycles, and 13 patients received gemcitabine at any time during the study for a total of 42 cycles.
Toxicities Table 2 summarizes the hematologic and non-hematologic toxicities. The most common grade 3 or 4 hematologic toxicity was neutropenia, occurring in 16 of 79 cycles (20%). Grade 3 or 4 neutropenia was more common, though not statistically signiWcant (P 0.17), in patients receiving docetaxel [10 of 37 cycles (27%)] compared to patients receiving gemcitabine [6 of 42 cycles (14%)]. Febrile neutropenia was observed in three patients (4 cycles) receiving docetaxel at 75 mg/m 2 . The febrile neutropenia noted was of short duration, and two of the three patients were treated successfully with empiric oral antibiotics in the outpatient setting. The third patient was hospitalized brieXy but no infectious source was found. All three patients were previously treated with carboplatin and paclitaxel (range 4-9 cycles).
The incidence of grade 3 or 4 anemia was low for both docetaxel and gemcitabine, 2.7 and 0%, respectively. Grade The most common non-hematologic adverse event (AE) was fatigue, occurring in 43% of all cycles. Grade 3 fatigue was noted in 9 cycles (6 during treatment with docetaxel and 3 during treatment with gemcitabine) among 9 patients. None of the patients with grade 3 fatigue required dose interruption for more than 2 weeks. Other non-hematologic AEs occurring in ¸10% of all cycles included anorexia, nausea, vomiting, skin rash, stomatitis, as well as, electrolyte Eighteen patients were enrolled and treated with a total of 79 courses. All patients received suramin (Sur) with every course of therapy. Fourteen patients received docetaxel (Doc) for a total of 37 courses. Thirteen patients received gemcitabine (Gem) for a total of 42 courses. Nine patients received both docetaxel and gemcitabine (sequentially, as a result of crossover) during the course of the study a FN = Febrile Neutropenia (ANC < 500 for >5 days or with fever) b Toxicities occurring in ¸5% of all courses c SGPT/ALT = Serum glutamic pyruvic transaminase/alanine aminotransferase and SGOT/AST = Serum glutamic oxaloacetic transaminase/ aspartate aminotransferase (4), and hypophosphatemia (6) . There was one grade 4 toxicity of uncomplicated hypokalemia in a patient with chronic hypokalemia on potassium supplementation. None of these grade 3 or 4 toxicities required dose interruption for more than 2 weeks and, therefore, was not considered to be DLT. Overall, the incidence of non-hematologic clinical toxicities was comparable to the reported toxicities related to the docetaxel or gemcitabine [43, 44] . However, we did observe more electrolyte abnormalities than was previously reported. The majority of hypokalemia and hyponatremia occurrences were seen in patients treated with gemcitabine, although these did not always correlate with the presence of emesis or diarrhea. Hyperglycemia was observed in almost a quarter of all cycles, half of which occurred for unclear reasons in patients who were on gemcitabine and did not receive premedication with dexamethasone. There were no signiWcant neurologic, renal, adrenal, immunologic, or dermatologic abnormalities seen.
Pharmacokinetics
A total of 79 cycles were administered to 18 patients. Each 3-week cycle comprised one treatment of docetaxel plus suramin on day 1 or two treatments of gemcitabine plus suramin on days 1 and 8. The total number of treatments was 108 (37 docetaxel plus suramin treatments and 71 gemcitabine plus suramin treatments). In all, 727 blood samples were collected (271 samples for docetaxel plus suramin and 456 samples for gemcitabine plus suramin). The corresponding pharmacokinetic data were used to evaluate (a) whether the suramin pharmacokinetics was equivalent in patients receiving docetaxel or gemcitabine and (b) whether suramin concentrations were maintained in the target range. We Wrst evaluated the suramin concentration proWles obtained after the Wrst suramin dose, comparing the group of patients receiving docetaxel (n = 12) with the group of patients receiving gemcitabine (n = 6). For each patient, samples were collected at the time points indicated in the Methods section. Figure 2 shows the average plasma concentration-time proWles of suramin for both combinations. There were no statistically signiWcant diVerences between the two proWles (P = 0.387).
We then evaluated the suramin concentrations at 8 and 48 h after the start of suramin infusion for all 108 treatments; the concentrations at 8 h were estimated by pharmacokinetic Wtting, and the concentrations at 48 h were obtained experimentally from patient samples (35 samples) or from model-simulated data (73 data points). The target range of 10-50 M between 8 and 48 h was achieved in 90% of the treatments (97 of 108 treatments). The remaining 11 treatments all had concentrations below 10 M at 48 h, 5 of which were found in one patient. These results were comparable to the results of our previous studies of non-cytotoxic suramin in combination with carboplatin and paclitaxel [37, 38] . Correlative studies Table 3 summarizes the plasma concentrations of bFGF prior to each treatment (day 1 for docetaxel; days 1 and 8 for gemcitabine) for all 79 cycles. There were no apparent trends or relationships between pretreatment bFGF levels and treatment arms or patient response.
Antitumor activity
Relevant details pertaining to the antitumor eVects of the combination of suramin with either docetaxel or gemcitabine, according to the initial randomized treatment regimen, are illustrated in Table 4 . Among the 16 patients evaluable for response, 11 (60%) had discernable antitumor activity. Two patients had partial response and nine had stable disease. The Wrst patient with PR was a 47-year-old female, never smoker, with adenocarcinoma who achieved PR after 7 months on treatment in this study protocol and maintained PR for 2.3 months before progressing and survived 13 months from the time of study enrollment. She received suramin and docetaxel for 3 cycles, followed by suramin and gemcitabine for 8 cycles. The second patient was a 73-year-old female, previous 50 pack-year smoker, with adenocarcinoma who achieved PR after 3 months on treatment and maintained PR for 4.7 months and survived 12.4 months from the time of study enrollment. She received suramin and docetaxel for 3 cycles, followed by gemcitabine for 6 cycles. The EGFR and Kras mutation status are not known for these two patients. Table 3 . Four patients who received only gemcitabine plus suramin showed a median overall survival of 4.1 months (range 2-6.8 months), while the remaining 14 patients who received at least one cycle of docetaxel plus suramin showed a median overall survival of 11.8 months. The 1-year survival rate was 33% for all 18 patients (50% for the 14 patients who received at least one treatment of docetaxel plus suramin and 0% for the 4 patients who received only gemcitabine plus suramin). The longest survivor was a 56-year-old female, previous 30 pack-year smoker, with adenocarcinoma previously treated with carboplatin, paclitaxel, and suramin, who lived 26.4 months from the time of study enrollment. She received suramin plus gemcitabine for 3 cycles, followed by suramin plus docetaxel for 3 cycles, and obtained SD as her best response on study treatment. She was taken oV study due to disease progression and subsequently received treatment with geWtinib for 7 months, pemetrexed for 6 months, erlotinib for 5 months, and temozolomide for 1 month (for recurrent brain metastasis). Her EGFR and Kras mutational status are not known.
Discussion
The treatment of advanced lung cancer remains challenging, despite important therapeutic advancements in the past decade. Although the utility of single agent suramin as a cytotoxic agent has been limited by severe toxicities observed at the high concentrations necessary for antitumor activity, our previous data in chemotherapy-naïve and chemo-refractory patients with advanced NSCLC have suggested that at lower and non-cytotoxic doses, suramin may be an eVective chemosensitizer without adding to the toxicity proWle of carboplatin and paclitaxel [37, 38] . The present study investigated the feasibility of suramin as a modulator of docetaxel and gemcitabine in previously treated patients with NSCLC.
This study showed that the combination of non-cytotoxic doses of suramin with either docetaxel or gemcitabine was generally well-tolerated and easy to administer in the outpatient setting. The hematologic and non-hematologic toxicities were consistent with those previously reported with either docetaxel or gemcitabine alone. The non-hematologic toxicities were generally transient and manageable. The electrolyte abnormalities noted in this study were generally without associated clinical sequelae and short-lived. The mechanism for these abnormalities is not clear. We did not observe any severe neurologic, renal, or dermatologic toxicity which have previously been reported with cytotoxic doses of suramin [25] [26] [27] [28] [29] .
Suramin has complex pharmacology, including an extremely long half-life of 30 to 50 days. Our group has previously validated the use of a nomogram to guide appropriate dosing of suramin [39] . The pharmacokinetic data conWrm that the dosing nomogram correctly predicted the targeted suramin concentration in 90% of all treatment cycles and demonstrate that the use of this nomogram is feasible in the outpatient setting.
Although it is beyond the scope of this phase I feasibility study, there was some preliminary evidence of antitumor activity of the combination of non-cytotoxic suramin with either docetaxel or gemcitabine in patients with platinumrefractory NSCLC. Eleven of sixteen (69%) patients evaluable for response attained SD and PR. Patients who received at least one cycle of docetaxel plus suramin showed a longer OS (11.8 vs. 4.1 months) and higher 1-year survival rate (50 vs. 0%), compared to patients who received only gemcitabine plus suramin. Patients who had progression on prior paclitaxel therapy derived beneWt from treatment with docetaxel and suramin. In these patients, the overall survival time observed was 11.6 months. Another interesting observation was that patients who previously received suramin in an earlier trial had longer median overall survival (18.9 months) compared with patients who did not receive any prior suramin therapy (9.3 months).
Our preclinical Wndings that FGF induces chemoresistance [31] [32] [33] [34] [35] have led to the current evaluation of non-cytotoxic suramin, a non-speciWc inhibitor of FGF signaling, as a chemosensitizer in patients with NSCLC. The collection of plasma bFGF levels in this study was exploratory, and no Wrm conclusions can be derived from the data observed. Studies to evaluate the combined data from this study and a separate trial in pretreated breast cancer patients are ongoing. The actual mechanism of interaction between Wbroblast growth factors and suramin is unknown and more complicated than initially thought. Additional FGF-independent mechanisms are also likely.
In conclusion, non-cytotoxic doses of suramin can safely be combined with docetaxel 56 mg/m2 or gemcitabine 1,250 mg/m2 in previously treated patients with NSCLC. The manageable toxicity proWle, predictable pharmacokinetics, and early evidence of antitumor activity encourage further evaluation of the combination of suramin with docetaxel or gemcitabine in future eYcacy trials. 
